APJ Regulates Parallel Alignment of Arteries and Veins in the Skin  by Kidoya, Hiroyasu et al.
Article
APJ Regulates Parallel Alignment of Arteries and
Veins in the SkinGraphical AbstractHighlightsd Apelin or APJmutant mice have abnormal arterial-venous (A-
V) alignment
d Apelin from arterial endothelial cells (ECs) induces
chemotaxis of APJ+ venous ECs
d Venous ECs induce neutrophil production ofMMP-9, allowing
for EC migration
d Mice with defective A-V alignment have defects in
thermoregulationKidoya et al., 2015, Developmental Cell 33, 247–259
May 4, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.devcel.2015.02.024Authors
Hiroyasu Kidoya, Hisamichi Naito, ...,
Akiyoshi Fukamizu,
Nobuyuki Takakura
Correspondence
ntakaku@biken.osaka-u.ac.jp
In Brief
Molecular mechanisms for control of
parallel arterial-venous (A-V) alignment
and the function of A-V juxtaposition have
not been elucidated. Kidoya et al. show
that apelin produced from arterial
endothelial cells (ECs) stimulates APJ
expressed on venous ECs to induce A-V
alignment and that this alignment is
involved in thermoregulation.
Developmental Cell
ArticleAPJ Regulates Parallel Alignment
of Arteries and Veins in the Skin
Hiroyasu Kidoya,1 Hisamichi Naito,1 Fumitaka Muramatsu,1 Daishi Yamakawa,1 Weizhen Jia,1 Masahito Ikawa,2
Takashi Sonobe,3 Hirotsugu Tsuchimochi,3 Mikiyasu Shirai,3 Ralf H. Adams,4,5 Akiyoshi Fukamizu,6
and Nobuyuki Takakura1,7,*
1Department of Signal Transduction
2Animal Resource Center for Infectious Diseases
Research Institute for Microbial Diseases, Osaka University, 3-1 Yamada-oka, Suita, Osaka 565-0871, Japan
3Department of Cardiac Physiology, National Cerebral and Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, Suita,
Osaka 565-8565, Japan
4Department of Tissue Morphogenesis, Max Planck Institute for Molecular Biomedicine, 48149 Muenster, Germany
5Faculty of Medicine, University of Muenster, 48149 Muenster, Germany
6Life Science Center, Tsukuba Advanced Research Alliance, The University of Tsukuba, 1-1-1 Tennoudai, Tsukuba, Ibaraki 305-8577, Japan
7Core Research for Evolutional Science and Technology, Japan Science and Technology Agency, K’s Gobancho, 7 Gobancho, Chiyoda-ku,
Tokyo 102-0076, Japan
*Correspondence: ntakaku@biken.osaka-u.ac.jp
http://dx.doi.org/10.1016/j.devcel.2015.02.024SUMMARY
Molecular pathways regulating the development of
arterial and venous endothelial cells (ECs) are now
well established, but control of parallel arterial-
venous alignment is unclear. Here we report that
arterial-venous alignment in the skin is determined
by apelin receptor (APJ) expression in venous ECs.
One of the activators of APJ is apelin. We found
that apelin is produced by arterial ECs during
embryogenesis, induces chemotaxis of venous
ECs, and promotes the production of secreted Friz-
zled-related protein 1 (sFRP1) by APJ+ ECs. sFRP1
stimulates matrix metalloproteinase production by
Ly6B.2+ neutrophil-like cells located between the
arteries and veins, resulting in remodeling of extra-
cellular matrices to support venous displacement.
Moreover, using apelin- orAPJ-deficient mice, which
exhibit arterial-venous disorganization, we found
that arterial-venous alignment is involved in thermo-
regulation, possibly by regulating countercurrent
heat exchange. We hypothesize that the evolution
of parallel juxtapositional arterial-venous alignment
was an adaptation to reduce body heat loss.
INTRODUCTION
The formation of a complex and diverse vascular system is crit-
ical for maintaining homeostasis in vertebrates because of its
function in transportation of nutrients and oxygen throughout
the body. In adult peripheral tissues, alignment of arteries, veins,
and nerves is visible anatomically and is considered to have
some physiological function. Morphological and genetic evi-
dence suggests that the signals from cells composing blood
vessels and the nervous system may together determine theDevappropriate patterning and branching of the vascular network
(Carmeliet, 2003). Local signals produced fromperipheral nerves
control arterial differentiation and provide a template that deter-
mines the organotypic patterning of arteriogenesis in the skin of
the embryonic mouse limb (Mukouyama et al., 2002) and pre-
chondrogenic mesenchyme (Bates et al., 2003). Genetic studies
showed that vascular endothelial growth factor (VEGF) derived
from sensory neurons, motoneurons, and/or Schwann cells
plays central roles in arteriogenesis from a primitive capillary
plexus in vivo (Mukouyama et al., 2005). Although these studies
have documented intimate associations and functional interac-
tions between nerve and artery in vascular remodeling, the
mechanisms that determine the alignment of veins and arteries
have not been elucidated.
Arteries and veins were previously identified by their morpho-
logical appearance and function, and more recently also by mo-
lecular differences (Lin et al., 2007). Arterial-specific ephrinB2 is
a ligand for the venous-specific EphB4 receptor; this system reg-
ulates the establishment andmaintenance of arterial-venous (A-V)
plexus and distinct boundaries between these vessels by repul-
sive effects (Klein, 2004; Pasquale, 2005; Poliakov et al., 2004).
Repulsion isamajormechanism formaintainingdistancebetween
arteries and veins; however, the molecular mechanisms respon-
sible for such juxtapositioning have not yet been determined.
Countercurrent heat exchange between closely juxtaposed
arteries and veins would have a significant effect on regulation
and maintenance of core temperature (Bazett et al., 1948a,
1948b; Mitchell and Myers, 1968). In a cold environment, arterial
blood would be cooled prior to entering the peripheral capillary
beds by heat transfer to the venous blood and, vice versa, the
latter would be warmed before returning to the core of the
body. This would reduce heat loss, which might otherwise occur
as capillary bed blood passes into extremities with large surface
areas. Thus, it is hypothesized that A-V alignment is closely
related to thermoregulation, but in vivo experimental evidence
in support of this notion is largely lacking.
Apelin, an endogenous ligand for the apelin receptor (APJ),
has a wide range of physiological roles, including regulation ofelopmental Cell 33, 247–259, May 4, 2015 ª2015 Elsevier Inc. 247
cardiovascular function, fluid homeostasis, effects on the adi-
poinsular axis, and angiogenesis (Boucher et al., 2005; Lee
et al., 2000; Roberts et al., 2009). We previously showed that
the apelin/APJ system is involved in maturation of blood vessels
by regulating caliber size modification and permeability during
angiogenesis (Kidoya et al., 2008, 2010; Takakura and Kidoya,
2009). In Xenopus laevis and zebrafish embryos, expression of
an APJ gene ortholog is observed in the venous vasculature
(Ka¨lin et al., 2007; Tucker et al., 2007). In the neonatal mouse
retina, APJ expression is upregulated in endothelial cells (ECs)
of the venous vessels during angiogenesis, and this suggests
that the apelin/APJ system plays a spatiotemporal role in blood
vessel formation (Saint-Geniez et al., 2003).
In the present study, we analyzed the role of apelin/APJ
signaling for A-V interactions and how arteries and veins align
during vascular remodeling in the mouse embryo.
RESULTS
Involvement of the Apelin/APJ System in A-V Alignment
for Vascular Formation
To determine the temporal and spatial expression of APJ and
apelin in blood vessels of mouse embryos, we initially performed
an immunohistochemical analysis of the skin of the back
because whole-vessel structure can be observed in this location.
At embryonic day (E)15.5, APJ expression was colocalized with
EphB4, a venous endothelial-specific molecule (Figure 1A). In
contrast, immunohistochemistry and in situ hybridization re-
vealed that apelin protein and apelin transcripts were present
in arterial blood vessels covered with a-smooth muscle actin
(SMA)-positive cells (Figure 1B; Figures S1A and S1B). Larger
veins often localized together with arteries in E15.5 skin, and
expression of apelin and APJ was seen in adjacent arteries
and veins, respectively (Figure 1D). These results suggest that
the apelin/APJ system is active during angiogenesis and may
contribute to A-V network formation.
Next, using apelin/ or APJ/ adult mice, we investigated
the effects of apelin/APJ signaling deficiency on A-V formation.
As with embryonic skin, veins are aligned with arteries, and the
branching pattern of arteries and veins is similar in the back
skin of adult wild-type mice. In apelin/ mice, although large
venules and arterioles were proximately localized, the pattern
of branches from those vessels was quite different between ar-
terioles and venules. Even more strikingly, arterioles and venules
completely dissociated from one another in APJ/ mice (Fig-
ures 1E and 1F). However, intercostal, cervical, and tail vascula-
ture appeared to be formed normally (Figure S1C). Severe A-V
misalignment in APJ/ mice compared with apelin/ mice
was also observed by microangiography of the femoral and
popliteal vessels (Figure 1G). We previously reported that ape-
lin/APJ signaling regulates capillary but not arteriole and venule
caliber size. This was accomplished using apelin/ mice and
transgenic mice in which apelin was overexpressed under the
transcriptional control of the K14 promoter. However, we had
not noticed the disorganized A-V alignment as seen above in
apelin/ mice in our previous reports (Kidoya et al., 2008,
2010). Moreover, in addition to capillary formation, we had not
found any defects in the formation and structure of arterioles
and venules in apelin/ mice (Kidoya et al., 2008). Consistent248 Developmental Cell 33, 247–259, May 4, 2015 ª2015 Elsevier Incwith this, arteries and veins themselves are well developed in
adult apelin/ orAPJ/mice (Figure 1E).We therefore propose
that the apelin/APJ system, especially APJ, is required for regu-
lation of parallel juxtapositional alignment of arterioles and ve-
nules in skin. To confirm that apelin produced by arteries truly
drives venous alignment, we created mice lacking apelin only
in their arteries using an artery-specific Cre driver (Bmx(PAC)-
Cre ERT2 transgenic) and floxed apelin mice (Ehling et al.,
2013). Artery-specific apelin gene deletion from E10.5 onward
led to abnormal A-V alignment similar to conventional apelin
knockouts (Figures S1D–S1F).
Apelin Deficiency Abrogates Proper A-V Alignment
To further investigate how parallel juxtapositional alignment of
arteries and veins is induced during the process of vascular re-
modeling, we analyzed the time course of vascular development
in the skin of the backs of mouse embryos using a whole-mount
immunohistochemical technique.
At E13.5, SMA+ arteries andmorphologically indistinguishable
veins cannot yet be identified in the capillary plexus. By E14.0,
aSMA+ cells emerged and gradually overlaid CD31+ ECs,
inducing arterial commitment (Figure 2A). By E14.5, blood
vessels expressing APJ had emerged but did not localize with
SMA+ arteries. Subsequently, from E14.5 through E15.5, APJ-
strongly positive veins emerged and gradually became aligned
next to arteries, and complete alignment was established at
around E16.5. In contrast to wild-type mice, APJ+ veins and
aSMA+ arteries of distal infrascapular vessels were still sepa-
rated at E16.5 in apelin/ embryos (Figures 2B and 2C). During
the patterning process of these vessels, apelin was synchro-
nously expressed in arterial blood vessels just after mural cell
coverage begins at E14.0 in the embryo (Figure 2D).
Several studies have shown that apelin/APJ signaling induces
angiogenesis in the retinal vasculature (Ka¨lin et al., 2007;
Kasai et al., 2004). Therefore, it is possible that insufficient blood
vessel formation affects A-V alignment; however, there are no
significant differences between wild-type, apelin/, and APJ/
mice regarding vascular density, number of branches, vessel
length in the skin, and arterial and venous EC differentiation
(Figures 2A and 2B; Figures S2A and S2B).
For arteriogenesis, VEGF derived from peripheral nerves is
necessary for arterial differentiation and patterning of arterial
branching (Mukouyama et al., 2002, 2005). However, the associa-
tion between arteries and peripheral nerves in the dermis of E15.5
embryos was unaffected in the absence of apelin/APJ signaling
(Figure S2C). Moreover, lymphatic vessels in the dermis of E15.5
is unaffected by the lack of apelin/APJ signaling (Figure S2D).
Taken together, these observations suggest that apelin/APJ is
involved inA-V alignment directly, that is, apelin, which is secreted
by arterial ECs, acts on APJ-expressing neighboring venous ECs.
During the process of appropriate A-V parallel juxtapositional
alignment, movement of ECs and matrix remodeling are
required. To confirm the influence of APJ signaling on the
mobility of venous vascular ECs, we injected Matrigel plugs con-
taining apelin or VEGF into mice. We observed that a large num-
ber of ECs migrated into apelin-containing Matrigel. This was
seen to a similar extent with VEGF but only in wild-type mice,
not APJ/ mice (Figures S2E and S2F). Expression of venous
marker mRNAs (APJ, EphB4, and COUP-TF2) was significantly.
Figure 1. Apelin and APJ Expression in Arterial and Venous ECs and Phenotype of Apelin and APJ Mutant Mice
(A) CD31 (red), EphB4 (green), and APJ (blue) staining of the back skin of an E15.5 mouse embryo. The scale bar represents 100 mm. V, vein.
(B) Detection of apelin transcripts (green) in the back skin of an E15.5 mouse embryo by in situ hybridization with CD31 (blue) and aSMA (red). The scale bar
represents 200 mm.
(C) Apelin (red) and CD31 (blue) staining of skin from the back of an E14.5 mouse embryo. The scale bar represents 100 mm.
(D) Apelin (red), APJ (blue), and CD31 (green) staining of back skin of an E14.5 mouse embryo. The scale bar represents 100 mm. A, artery.
(E) Gross appearance of blood vessels in the back skin of adult (7–8 weeks of age) wild-type, apelin/, and APJ/mice. Arterial blood vessels were identified by
injecting barium into the left ventricle. Black and white arrowheads indicate veins and arteries, respectively. The scale bar represents 2 mm in the back skin.
(F) Quantitative evaluation of the distance between the artery and vein of distal infrascapular vessels in the back skin of wild-type, apelin/, and APJ/ mice.
Data represent the average ± SD; n = 12 from four mice per group. p < 0.01. KO, knockout.
(G) Microangiograms in the hindlimb from 8-week-old wild-type, apelin/, and APJ/mice. Arterial blood vessels were identified by injecting barium into the left
ventricle. White and black arrowheads in APJ/ mice indicate peripheral arteries and veins, respectively.
See also Figure S1.higher in ECs infiltrating into apelin-containing plugs compared
with those from VEGF-containing plugs (Figure 2E; Figures
S2E–S2G). Furthermore, we performed in vitro Transwell migra-
tion assays using apelin or VEGF as chemoattractants for ECs
collected from the back skin of embryos. Consistent with previ-
ously published data (Kasai et al., 2004), migration of wild-type
ECs in response to apelin or VEGF stimulation was observed
(Figure S2H). Those wild-type ECs migrating toward apelin
expressed higher levels of APJ and EphB4 mRNA but lower
ephrinB2 compared with those attracted by VEGF (Figure S2I).
Taking the data together, we conclude that apelin/APJ signaling
is a crucial regulator of migration of venous ECs and contributes
to the translocation of veins.DevInvolvement of Extracellular Matrix Degradation in
Venous Vascular Displacement
Modification of tissue morphogenesis, especially remodeling of
three-dimensional extracellular matrices (ECMs) by proteolytic
degradation, is necessary for the remodeling of blood vessels
including juxtapositional regulation between artery and vein
(Friedl and Gilmour, 2009). Therefore, we tested the effect of
ECM degradation on the remodeling of venous vascular
displacement modulated by apelin/APJ signaling. In skin from
E14.0 embryos, individual blood vessels were covered with
type IV collagen to a similar extent (Figure 3A). However, in
skin from E14.5 embryos, the amount of type IV collagen around
APJ+ veins that were being attracted toward arteries waselopmental Cell 33, 247–259, May 4, 2015 ª2015 Elsevier Inc. 249
Figure 2. Arterial-Venous Remodeling in Skin during Embryogenesis
(A and B) CD31 (green), aSMA (red), and APJ (blue) expression in the back skin frommouse embryos at several developmental stages as indicated. Wild-type (A)
and apelin/ (B) mice. Images below show a higher magnification of the areas indicated by the boxes. Note that veins are located separately from arteries at
E14.5 (white arrows) and gradually move close to arteries at E14.5 and E15.5 stages in wild-type but generally not in apelin/ mice. The scale bars represent
300 mm and 100 mm (insets).
(C) Quantitative evaluation of the distance between the artery and vein of distal and proximal infrascapular vessels in skin from the backs of E16.5 wild-type or
apelin/ embryos. Data are means ± SD; n = 18 (distal) or 12 (proximal) from six mice per group. *p < 0.01.
(D) Immunohistochemical analysis of apelin expression in the back skin of E13.5 and E14.0mouse embryos. Blood vessels were stainedwith anti-CD31 (blue) and
smooth muscle cells with anti-aSMA (red) Abs. Note that apelin (green) was specifically expressed in arteries covered by smooth muscle cells.
(E) Relative expression of arterial (ephrinB2)- or venous (EphB4)-specific marker mRNA in ECs recruited into the Matrigel plug explant by apelin or VEGF. Target
gene expression levels were normalized to control geneGAPDH. Data represent the average ± SD; n = 3 independent experiments per group. *p < 0.01, **p < 0.05.
See also Figure S2.significantly lower in wild-type than in apelin/mice (Figures 3A
and 3B). Because matrix metalloproteinases 2 and 9 (MMP-2
and -9) have been suggested to degrade the basement mem-
brane during angiogenesis (van Hinsbergh et al., 2006), we
sought cells producing these enzymes in embryonic skin. We
found that MMP-9- and MMP-2-producing cells preferentially
accumulate in the space between the arteries and veins in
wild-type mice but that fewer do so in apelin/mice (Figure 3C).
These data indicate that apelin/APJ signaling participates in con-
trolling the expression of MMPs. Zymographic analysis revealed
that MMP-2 and MMP-9 secretion into culture media was mark-
edly stimulated when whole cells from E14.5 embryonic skin
were cultured together with recombinant apelin (Figures S3A–
S3F). Moreover, the expression of MMP-2 and MMP-9 mRNA
was decreased in skin cells from apelin/ and APJ/ embryos250 Developmental Cell 33, 247–259, May 4, 2015 ª2015 Elsevier Increlative to wild-type (Figure 3D). These results suggest that enzy-
matic degradation of basement membrane type IV collagen
mediated by MMPs is important in apelin/APJ signaling-induced
venous vascular displacement.
Although APJ is expressed only by venous ECs, which may
themselves produce MMPs for degradation of matrices, EC pro-
duction of MMPs was largely unaffected in APJ/ mice except
for slightly decreased expression of MMP-2 (Figures S3G and
S3H), suggesting that localMMPexpression is affected in acces-
sory cells around ECs by the deficiency of apelin or APJ. To iden-
tify the cell population producing MMP-9 and MMP-2, as
observed in Figure 3C, we performed immunohistochemical
analysis of back skin from E14.5 embryos. Because MMP-9
and MMP-2 are mainly secreted by mature myeloid cells, such
as macrophages or neutrophils (Chung et al., 2010), we stained.
for cells expressing macrophage-specific antigen F4/80 and
neutrophil antigen Ly6B.2 (Rosas et al., 2010). Macrophages
were found to be widely distributed in skin tissue, some of which
producedMMP-2. In contrast, Ly6B.2+ cells were confined to the
perivenous zone and almost exclusively express MMP-9,
although a small number also express MMP-2 (Figure 3E). We
defined Ly6B.2+ myeloid cells as neutrophil lineage cells (NLCs)
because they resembled neutrophils morphologically and ex-
pressedCD11b, Gr1, and Ly6C but not Ly6G andmoderately ex-
pressed F4/80 (Figures S3I and S3J). It has been suggested that
this type of myeloid cell is derived from the aorta-gonad-meso-
nephros region and fetal liver (Schulz et al., 2012). There was
no significant difference in the number of Ly6B.2+ cells in the
back skin of wild-type versus apelin/ or APJ/ littermates
(Figures 3F and 3G; Figures S3M and S3N). NLCswere observed
in E14.5 skin and seen to be localized between artery and vein
(Figures S3K and S3L). This suggests that recruitment of
Ly6B.2+ cells is itself regulated by other molecules such as the
chemokines produced from artery or vein tissues. Consistent
with these results, the amount of MMP-9 and MMP-2 mRNA
expression in Ly6B.2+ NLCs was greatly reduced in apelin/ or
APJ/ mice (Figures S3O and S3P). To confirm the importance
of apelin/APJ signaling in ECs for the indirect induction of
MMP-9 production by Ly6B.2+ NLCs, we investigated whether
conditioned media from ECs stimulated with apelin induced
MMP-9 expression in primary Ly6B.2+ NLCs in an in vitro culture
model. As expected, MMP-9 expression was upregulated by
conditioned medium from apelin-stimulated wild-type but not
APJ/ ECs (Figure 3H). These results document that apelin/
APJ signaling is not necessary for recruitment of Ly6B.2+ NLCs
to areas around the veins but is required for induction of their
expression of MMPs.
Ly6B.2+ NLCs and MMPs Are Essential for A-V
Alignment
Several lines of evidence suggest that neutrophils actively
induce tumor vascularization by secreting proangiogenic factors
(Nozawa et al., 2006; Tazzyman et al., 2009). However, a role for
Ly6B.2+ NLCs observed in our experiments in blood vessel for-
mation during development has not been reported previously.
To this end, we depleted NLCs in pregnant mice by adminis-
tering RB6-8C5, a monoclonal antibody specific for granulocyte
receptor 1. We confirmed that the accumulation of Ly6B.2+
NLCs in E14.5 embryo skin was markedly decreased by treat-
ment with this antibody (Figures 4A and 4B). We then determined
the effect of NLC depletion on A-V alignment. RB6-8C5 treat-
ment resulted in partial disordering of A-V alignment, especially
between the arteriolae and venulae branching from larger ves-
sels in the skin vasculature of the adult (Figure 4C). Such abnor-
malities of A-V alignment were already observed in E14.5
embryo skin (Figures 4D and 4E). A-V alignments of back skin
vessels were disorganized by the administration of Ilomastat,
an MMP inhibitor, to pregnant mice (Figures 4F and 4G). In
contrast, we could not detect any abnormality of A-V alignment
in the back skin of adultMMP-9/mice (data not shown). These
results suggest that the regulation of apelin/APJ signaling for
parallel juxtapositional A-V alignment is mediated via an effect
on the several MMPs produced from Ly6B.2+ NLCs accumu-
lating in the space between arteries and veins.DevThe Apelin-sFRP1 Axis Modulates MMP Expression
We hypothesized that stimulation of venous ECs by apelin might
lead to production of factors that modulate MMP production by
Ly6B.2+ NLCs. To identify the key signals and factors induced
by apelin/APJ signaling, we performed comprehensive mRNA
expression analyses using triplicate microarrays in ECs
collected from the back skin of E14.5 wild-type or APJ/
embryos (accession number GEO: GSE66073). We applied a
Student’s t test filter to select gene set probes that exhibited
2-fold expression differences under a given significance level
(p < 0.05). Subsequently, selected probes were sorted by the
ratio of their expression levels in wild-type versus APJ/
ECs, as illustrated by the heat map shown in Figure 5A. Next,
we validated the expression of the selected genes by quantita-
tive (q)RT-PCR and identified five genes significantly downregu-
lated (bmpr1b, kank1, madcam1, moxd1, sfrp1) and three
upregulated (ctse, ptprv, serpina3f) in APJ-deficient relative to
wild-type mice (Figure 5B). Of these, we focused on sfrp1,
because this gene encodes a secreted protein that has been re-
ported to affect angiogenesis (Dufourcq et al., 2002). Secreted
Frizzled-related proteins (sFRPs) are structurally similar to the
Wnt receptors Frizzled proteins but lack a transmembrane re-
gion and the cytoplasmic domain. Owing to this structural prop-
erty, sFRPs were first described as antagonists of the Wnt
pathway that bind directly to Wnt. However, recent studies
indicate that sFRPs may have additional biological functions un-
related to Wnt (Nathan and Tzahor, 2009). To assess any asso-
ciation of the apelin/APJ pathway with sFRP1 expression, we
stimulated primary ECs from E14.5 skin with recombinant apelin
in vitro. Significant induction of sfrp1 mRNA was observed in
ECs from wild-type mice within 20 hr of apelin administration
(Figure 5C). This induction of sfrp1 expression by apelin stimu-
lation was observed in CXCR4 venous and/or microvascular
ECs but not in CXCR4+ arterial ECs (Figures S4A–S4C) (Li
et al., 2013). Moreover, sFRP1 protein and mRNA were de-
tected specifically in APJ+ venous ECs of E14.5 skin by immu-
nohistochemical and in situ hybridization analysis (Figure 5D;
Figure S4D). To explore the biological consequences of sfrp1
deficiency on vascular remodeling in vivo, we examined blood
vessels in the skin of the backs of sfrp1/ mice. Similar to
apelin/ and APJ/mice, blood vessels were normally formed
but A-V parallel juxtapositional alignment was disordered in
the absence of sFRP1 (Figure 5E; Figures S4E and S4F). Next,
we determined whether sFRP1 induces MMP production in
Ly6B.2+ NLCs and macrophages collected from the skin of
E14.5 embryos. We found that recombinant sFRP1 induced sig-
nificant expression of MMP-9 andMMP-2 in Ly6B.2+ NLCs and
MMP-2 in macrophages (Figures 5F and 5G; Figures S4G
and S4H). Consistent with these data, the number of MMP-9-
and MMP-2-producing Ly6B.2+ NLCs was decreased in E14.5
sfrp1/ embryos (Figures S3M–S3P). A role for sFRP1 in the
induction of MMP-9 production via the apelin pathway was
confirmed by evidence that MMP-9 expression in Ly6B.2+
NLCs was not induced by medium conditioned by sfrp1/
ECs stimulated with apelin (Figure 5H). Taken together, these
results indicate that sFRP1 is upregulated in venous ECs via
APJ activation by apelin released from arterial ECs and induces
MMP production in adjacent Ly6B.2+ NLCs. Because these
reside beside venous ECs, this results in ECM degradation toelopmental Cell 33, 247–259, May 4, 2015 ª2015 Elsevier Inc. 251
Figure 3. Venous Vascular Displacement Is Mediated by ECM Degradation
(A) Expression of collagen type IV (ColIV) (green) in CD31+ (red) vessels of back skin from E14.0 embryos and in APJ+ (blue) veins of E14.5 wild-type or apelin/
embryos. The middle and right panels in E14.5 show a higher magnification of the areas indicated by the white dashed boxes where venous vascular
displacement is induced. Note that attenuation of collagen type IV expression was observed in wild-type but not in apelin/mice (white arrows). The scale bars
represent 200 mm (left) and 50 mm (middle and right).
(B) Quantitative evaluation of immunohistochemical staining for collagen type IV in the back skin of E15.5 WT or apelin/ embryos. Data represent the means ±
SD; n = 6 independent samples per group. *p < 0.01.
(C) Immunohistochemical analysis ofMMP-9 andMMP-2 expression in the back skin of an E14.5mouse embryo. Blood vessels were stained with anti-CD31 (red)
and anti-APJ (blue) Abs. Note that MMP-9 or MMP-2 proteins (green) were present between the artery and the vein in wild-type but not in apelin/ mice. The
scale bar represents 100 mm.
(D) qRT-PCR analysis of mRNA for MMPs and tissue inhibitors of metalloproteinase (TIMPs) as indicated in E14.5 embryo back skin cells harvested from wild-
type, apelin/, or APJ/ mice. Data represent the means ± SD; n = 5 independent cell lines per group. *p < 0.01.
(E) Immunohistochemical analysis of F4/80 (red)- or Ly6B.2 (red)-expressing cells with CD31 (blue) and MMP-9 (green) or MMP-2 (green) expression in the back
skin of E14.5 mouse embryos. The insets in the upper left corners show the single staining of the areas indicated by the dashed boxes. The scale bar represents
100 mm.
(F) Representative flow cytometric plots of skin cells from E14.5 mouse embryos from wild-type, apelin/, or APJ/mice. The Gr1+CD45+ neutrophil fraction is
gated as a red box.
(legend continued on next page)
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Figure 4. Neutrophil Lineage Cells Are
Essential for A-V Alignment
(A) Representative flow cytometric plots of
skin cells from E14.5 mouse embryos from
pregnant mice treated with control Abs or RB6-
8C5 Abs. The Ly6B.2+ NLC fraction desig-
nated by CD45+CD11b+Ly6B.2+ is gated in the
red box.
(B) Quantitative evaluation of the CD45+CD11b+
Ly6B.2+ NLC population in the skin of embryos as
observed in (A). Data represent the means ± SD;
n = 3. *p < 0.01.
(C) Gross appearance of blood vessels in the back
skin of adult mice (7–8 weeks of age) treated with
control Abs or RB6-8C5 Abs. Note that veins
are not completely aligned with arteries in RB6-
8C5-treated mice (dotted ellipses). The scale bar
represents 2 mm.
(D) CD31 (green), aSMA (red), and APJ (blue)
staining of the back skin of an E15.5 mouse em-
bryo treated with control Abs or RB6-8C5 Abs.
Images on the right show a higher magnification of
the areas indicated by the boxes. The scale bars
represent 300 mm and 150 mm (insets).
(E) Quantitative evaluation of the distance be-
tween the artery and vein of distal infrascapular
vessels in the back skin of E15.5 embryos treated
with control Abs or RB6-8C5 Abs. Data represent
the average ± SD; n = 15 from three mice per
group. *p < 0.01.
(F) CD31 (green), aSMA (red), and APJ (blue)
staining of back skin of an E15.5 mouse embryo
treated with control solvent or Ilomastat (1 mg).
Images on the right show a higher magnification of the areas indicated by the boxes. The scale bars represent 300 mm and 150 mm (insets).
(G) Quantitative evaluation of the distance between the artery and vein of distal infrascapular vessels in the back skin of E15.5 embryos treated with control
solvent or the indicated concentrations of Ilomastat. Data represent the average ± SD; n = 12 from three mice per group. *p < 0.01.permit venous displacement and formation of parallel juxtaposi-
tional A-V alignments.
Arterial-Venous Alignment Contributes to
Thermoregulation during Both Cold and Heat Stress
An appropriate thermoregulatory system is essential for main-
taining biological homeostasis in endotherms. Prolonged expo-
sure to cold environmental conditions results in hypothermia,
whereas heat stress triggers fatal symptoms, such as systemic
contracture, elevation of core temperature, and severe rhabdo-
myolysis. ‘‘Precooling’’ of the arterial blood by juxtaposed veins
was suggested long ago as a model for countercurrent heat ex-
change in physiological systems (Bazett et al., 1948a, 1948b) but
has remained unproven. To explore the functional significance of
A-V countercurrent heat exchange in thermoregulation, we eval-
uated the susceptibility to ambient temperature fluctuations of
apelin/APJ signaling-deficient mice with disordered A-V align-
ment. To investigate the effects of cold stress, we exposed
wild-type, apelin/, and APJ/ mice to a cold environment
(4C) andmeasured time-dependent changes of their rectal tem-(G) Quantitative evaluation of the Gr1+CD45+ neutrophil population in the back sk
Data represent the means ± SD; n = 3 embryos per group. n.s., not significant.
(H) qRT-PCR analysis ofMMP-9mRNA expression in Ly6B.2+ NLCs cultured in c
represent the means ± SD; n = 3 independent samples per group. *p < 0.01.
See also Figure S3.
Devperature. Rectal temperature was 38C–39C in these mice
before exposure to cold ambient temperature. After a 6-hr expo-
sure to cold, the temperature of the wild-type mice slightly
decreased to 36.5C ± 0.4C but that of apelin/ or APJ/
mice rapidly dropped to 33.6C ± 0.4C or 33.3C ± 0.6C,
respectively (Figure 6A). Next, to examine the effects of heat
stress, mice were placed for up to 20 min in an environmental
chamber in which the ambient temperature was maintained at
41C. We determined heat sensitivity by monitoring the body
surface temperature with an infrared camera. The results
showed that heat stress caused a higher time-dependent
increase in body temperature in apelin/ or APJ/ mice
compared with wild-type mice (Figure 6B; Movies S1, S2, and
S3). In particular, the increased body surface temperature of
apelin/ or APJ/ mice 15 min after the heat stress protocol
(7.1C ± 1.2C or 7.3C ± 0.8C, respectively) was higher than
the corresponding values observed in wild-type mice (5.2C ±
1.0C) (Figure 6C). Under these conditions, all apelin/ and
APJ/ mice suffered heat stroke-like episodes (16 or 18 min)
characterized by impaired movement, difficulty in breathing,in of E14.5 wild-type, apelin/, or APJ/mouse embryos as observed in (B).
onditioned media from WT or APJ/ ECs stimulated with apelin or PBS. Data
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Figure 5. The Apelin-sFRP1 Axis Modulates MMP Expression
(A) Heat map of ECs from the back skin of E14.5 wild-type or APJ/mouse embryos as determined by DNA microarrays. Color intensity: red represents higher
and green represents lower levels of mRNA relative to the reference ECs from wild-type mice (see color key in inset).
(B) qRT-PCR analysis of representative statistically significant (p < 0.01) genes. Target gene expression levels were normalized to GAPDH. Data represent the
average ± SD; n = 3 independent embryos per group.
(C) Relative expression of sfrp1 mRNA in cultured ECs from the back skin of E14.5 WT or APJ/ embryos treated with vehicle or recombinant apelin for 24 hr.
Data were normalized to GAPDH. Data represent the average ± SD; n = 3 independent samples per group. *p < 0.01.
(D) Immunohistochemical analysis of sFRP1 expression. CD31 (blue), aSMA (red), and sfrp1 (green) staining of the back skin of an E14.5mouse embryo. The scale
bar represents 100 mm.
(E) Gross appearance of blood vessels in the back skin of adult (7–8 weeks of age) wild-type and sfrp1/mice. Note that veins (black arrowheads) are not aligned
with arteries (white arrowheads) in sfrp1/ mice. The scale bar represents 2 mm.
(F and G) qRT-PCR analyses of MMP-9 (F) or MMP-2 (G) mRNA expression in cultured Ly6B.2+ NLCs from the back skin of E14.5 embryos stimulated with
recombinant sFRP1. Data were normalized to GAPDH. Data represent the average ± SD; n = 3 independent cell lines per group. *p < 0.01.
(H) qRT-PCR analysis ofMMP-9mRNA expression in Ly6B.2+ NLCs cultured in conditioned media fromWT or sfrp1/ ECs stimulated with apelin or PBS. Data
represent the means ± SD; n = 3 independent samples per group. *p < 0.01.
See also Figure S4.and systemic contractions, whereas wild-type animals under the
same conditions had delayed episodes (Figure 6D).
It has been shown that apelin is also biosynthesized in
neuronal cells and is suggested to play multiple roles in the cen-
tral control of digestive behaviors, pituitary hormone release, and
circadian rhythms (Reaux et al., 2002). To confirm that the phe-
notypes observed here in apelin/mice were caused by loss of
apelin in blood vessels, we generated endothelial-specific
knockout mice by crossing floxed apelin mice with the Tie2-
Cre mouse line (Figures 6E–6G) (Schlaeger et al., 1997). Similar
to conventional apelin/ mice, blood vessels in the skin of the
backs of adult apelinflox/Y:Tie2-Cre mice had substantially
abnormal A-V alignment compared to control mice (Figure 6H).
We determined whether apelin deficiency specifically in vascular254 Developmental Cell 33, 247–259, May 4, 2015 ª2015 Elsevier IncECs affected different physiological functions associated with
thermoregulation, such as cardiovascular function, adipose
tissue development, neuronal function, and metabolic status.
However, no significant physiological abnormalities were
observed in apelinflox/Y:Tie2-Cre mice, unlike those reported in
apelin/ or APJ/ mice (data not shown) (Kuba et al., 2007;
Roberts et al., 2009).
The cold stress test showed that body temperature was signif-
icantly decreased in apelinflox/Y:Tie2-Cre mice (33.3C ± 0.9C)
compared to apelinflox/Y:controlmice (36.1C ± 0.2C) (Figure 6I).
Furthermore, when exposed to heat stress, these apelin mutant
mice had significantly greater increases in body temperature
than control mice, and more rapid development of heat
stroke, as observed in the apelin/ and APJ/ mice (Figures.
6J–6L; Movies S4 and S5). These results clearly demonstrate
that countercurrent heat exchange between the artery and adja-
cent vein is indeed important for maintenance of body tempera-
ture and is crucial for resistance to heat stress.
DISCUSSION
Here we have shown that apelin released from arterial ECs stim-
ulates APJ-positive venous ECs, resulting in the formation of par-
allel juxtapositional alignments between arteries and veins in the
skin. Apelin has a direct effect on migration of APJ+ venous ECs
and induces sFRP1 production and MMP secretion from
Ly6B.2+ NLCs, resulting in ECM remodeling for venous displace-
ment. Nonetheless, although sfrp1/ mice showed disrupted
A-V juxtapositioning, sFRP1 deficiency did not completely inhibit
MMP expression in Ly6B.2+ NLCs. This suggests that the apelin-
sFRP1 axis is not the sole mechanism regulating the expression
of this enzyme in the control of the juxtapositional alignment
between arteries and veins.
We observed weak APJ expression in capillaries and strong
expression in veins next to arteries. Interestingly, venous differ-
entiation and morphogenesis occur normally in the absence of
apelin/APJ signaling, despite defective A-V alignment. This sug-
gests that apelin/APJ signaling and artery-vein interactions are
not necessary for venous differentiation and angiogenesis. We
previously reported that apelin regulates the enlargement of
blood vessels and vascular permeability (Kidoya et al., 2008,
2010). In terms of caliber regulation, we reported that apelin defi-
ciency affects small capillaries but does not influence arteriolae
or venulae, as observed in this study. In contrast to the venous-
specific expression of APJ, apelin production seemed to be
restricted to arterial vessels covered with aSMA-positive mural
cells. We previously reported that apelin expression is induced
by angiopoietin-1 (Ang1); it is well known that Ang1 is predomi-
nantly produced by mural cells (Kidoya et al., 2008). Therefore,
the stimulation of ECs by mural cells may initiate apelin produc-
tion in arterial ECs. We showed that APJ/ mice exhibit more
profound abnormalities of A-V alignment than apelin/ mice,
and it was reported that some APJ/ embryos die between
E10.5 and E12.5 due to vascular defects (Kang et al., 2013) but
that apelin/ mice are born at the expected Mendelian ratio.
This suggests the existence of apelin-independent mechanisms
of APJ activation. Recent reports have concluded that APJ
signaling is induced in response to mechanical stretching and
to a second ligand, Toddler (ELABELA) (Scimia et al., 2012; Pauli
et al., 2014; Chng et al., 2013). Mechanical forces, such as blood
flow and extravascular tissue activity, are known to be important
for the regulation of vascular formation. Blood flow might
contribute to the patterning of the arteriovenous network through
activation of APJ. The remodeling of blood vessels proceeds by
multiple steps including fusion, intussusception, or regression of
blood vessels and sprouting angiogenesis, among others. In
these processes, matrix remodeling and movement of ECs are
key steps for arrangement of vascular trees.We found that apelin
plays a role in A-V alignment for vessels branching from larger
arteriolae and venulae by inducing venous displacement. We
speculate that venous displacement is induced by collective
cell invasion into surrounding tissues utilizing venous EC migra-
tion toward the artery directly controlled by apelin/APJ and byDevmatrix remodeling, that is, digestion of type IV collagen indirectly
by apelin/APJ. Collective invasion of cells as a cohesive group is
particularly prevalent during tissue remodeling such as morpho-
logical duct and gland formation in embryogenesis, skin wound
repair, and cancer invasion (Friedl and Gilmour, 2009). Vascular
displacement has been reported in granulation tissue during
wound healing (Kilarski et al., 2009), but we propose that it
also occurs in vascular remodeling during embryonic morpho-
genesis as described in this report. However, further molecular
analysis to elucidate the mechanisms responsible for this vessel
displacement is required.
Chaotic A-V alignment was observed not only in the skin
vasculature but also in the hindlimb of APJ/ mice. Thus, ape-
lin/APJ signaling as detailed here for embryonic back skin likely
contributes in the same manner to the coordinated patterning of
arteries with veins in peripheral tissues. However, there are no
significant abnormalities in themain arteries and veins branching
from the aorta and vena cava and intercostal, cervical, and tail
vessels in apelin/ or APJ/mice. This suggests that the ape-
lin/APJ system regulates only the vascular network formed by
the remodeling process. Several previous studies have demon-
strated that bidirectional repulsive ephrinB2-EphB4 signaling
between arteries and veins is required for establishing the
boundaries between them (Fu¨ller et al., 2003). Mice lacking
ephrinB2 or EphB4 die in utero with similar phenotypes. These
mice display grossly normal vasculogenesis of the major vessels
as well as arrested remodeling of the primary vascular plexus,
resulting in defective reciprocal communication between arteries
and veins (Adams et al., 1999; Gerety et al., 1999; Wang et al.,
1998). In contrast to such repulsive interactions, our study
revealed that the apelin/APJ system mediates attractive inter-
actions between arteries and veins. These data indicate that
despite their close physical juxtaposition, separated arteries
and veins have been constructed by different signals with
opposing functions.
Several investigators over the years have suggested that the
aligned vascular structure of arteries and veins in close proximity
to each other contributes to thermoregulation by countercurrent
heat exchange, mostly in the context of a cold environment
(Bazett et al., 1948a, 1948b; Mitchell and Myers, 1968). How-
ever, theoretically, countercurrent heat exchange between
arteries and veins may be important in both too-hot as well as
too-cold conditions. Indeed, our apelin- or APJ-deficient mice,
in which A-V alignment is disorganized, yielded results consis-
tent with both these possibilities. Because APJ expression is
also observed in poikilothermic zebrafish, we investigated the
vascular patterning in the back skin of several animals other
than mice, such as fish, birds, and reptiles, and found that A-V
alignment only occurred in homeothermic animals (Figure S5A).
This observation suggests that regulation of A-V alignment is
crucial for thermoregulation and that the apelin/APJ system spe-
cifically functions for this purpose in homeotherm A-V alignment.
We demonstrated the importance of A-V alignment in thermo-
regulation by using an endothelial-specific apelin-deficient
mouse model. However, this does not exclude the possible ex-
istence of other factors that could account for differences in ther-
moregulation. Apelin itself also has numerous activities. In an
attempt to exclude these possibilities, we confirmed that apelin
EC knockout mice have no significant differences in metabolicelopmental Cell 33, 247–259, May 4, 2015 ª2015 Elsevier Inc. 255
Figure 6. Contribution of Arterial-Venous Alignment to Thermoregulation
(A) Time-dependent changes of rectal temperature during acute cold stress. Wild-type, apelin/, and APJ/mice were exposed to 4C, after which their rectal
temperature was monitored every hour. Data represent the average ± SE; n = 3 mice per group. *p < 0.01, **p < 0.05.
(B) Thermoregulatory response of wild-type, apelin/, and APJ/mice subjected to heat stress (45C). The temperature of the body surface was visualized and
measured using infrared thermography.
(C) Increase in body temperature during heat stress in wild-type, apelin/, and APJ/ mice. Body surface temperature was monitored at 1-min intervals for
15 min. Data represent the average ± SE; n = 6 mice per group. *p < 0.01.
(D) Effects of increased body temperature caused by heat stress on severe heat stroke. The moment at which the mice remained immobile for more than 1 min
was taken to be the onset of more severe heat stroke; data were analyzed using the Kaplan-Meier method. Note that apelin/ andAPJ/mice show a significant
increase in the rate of more severe heat stroke (p < 0.01, log-rank test).
(E) Targeting strategy for the generation of apelinfloxFRTNeo and apelinflox alleles.
(F) PCR analysis demonstrating the deletion of exon 2. The location and direction of the two primers used in the PCR analysis are also indicated by the arrows
in (E).
(G) RT-PCR analysis of RNA extracted from ECs of E14.5 apelinDex2 hemizygous embryos. Note that the intensity of the apelin mRNA in apelinDex2 hemizygous
ECs (apelinflox/Y:CAG-Cre) is reduced, as compared with control (apelinflox/Y:control) embryos, and that no truncated protein can be detected in apelin/ ECs.
(legend continued on next page)
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status, cardiac function, blood flow, and nervous system, unlike
those previously reported in conventional apelin/ or APJ/
mice. Furthermore, brown fat development and tail vessel
configuration, which are known to contribute to thermoregula-
tion, were also normal. In addition, we verified the contribution
of apelin/APJ-independent A-V misalignment to thermoregula-
tion by using sfrp1/ mice (Figures S5B–S5E).
We have previously reported that hematopoietic stem cells
and hematopoietic progenitor cells promote angiogenesis and
stabilize newly developed blood vessels, respectively, via the
Ang1-Tie2 system (Takakura et al., 2000; Yamada and Takakura,
2006). Moreover, other hematopoietic lineages, such as mono-
cyte macrophages, dendritic cells, mast cells, and others, can
also affect angiogenesis by producing angiogenic cytokines
and MMPs (Takakura and Kidoya, 2009). It has been suggested
that platelets mediate the separation of blood vessels and
lymphatic vessels (Abtahian et al., 2003; Bertozzi et al., 2010).
Similar to the function of Ly6B.2+ NLCs for the induction of A-V
alignment reported here, it is possible that other cells of the he-
matopoietic lineage are involved in alignment of arteries, veins,
and lymphatics.
Thus far, molecular and cellular mechanisms of nerve-artery
alignment have been suggested (Mukouyama et al., 2005) but
parallel juxtapositional alignment between arteries and veins
have not. Our data on the molecular analysis of A-V alignment
and dependence on apelin and APJ expression open new ave-
nues for research in this important area.
EXPERIMENTAL PROCEDURES
Cell Culture
The human promyelocytic leukemia cell line HL-60 was purchased from the
RIKEN Cell Bank and maintained in RPMI-1640 medium (Sigma) supple-
mented with 10% heat-inactivated fetal bovine serum (Equitech-Bio). To
induce differentiation of HL-60 cells, 1.3% DMSO was added for 72 hr. Mouse
primary endothelial cells were seeded onto fibronectin-coated 35-mm dishes
(Iwaki) in HuMedia-EG2.
Immunohistochemical Analysis
Tissue fixation and staining of sections or tissues with antibodies were per-
formed as described previously (Takakura et al., 2000). An anti-CD31 mono-
clonal antibody (mAb) (BD Biosciences), anti-a-smooth muscle actin mAb
(Dako), anti-apelin mAb (4G5), anti-APJ polyclonal Ab (Kidoya et al., 2008),
anti-MMP-9 mAb (R&D Systems), anti-MMP-2 mAb (Merck Millipore), anti-
ColIV mAb (Merck Millipore), anti-Ly6B.2 mAb (AbD Serotec), anti-F4/80
mAb (AbD Serotec), anti-neurofilament mAb (ARP), anti-sFRP1 mAb (Sigma-
Aldrich), anti-EphB4 mAb (R&D Systems), and anti-Lyve1 Ab (MBL) were
used for staining. Sections were examined by conventional microscopy
(DM5500 B; Leica) or confocal microscopy (TCS/SP5; Leica), and images
were acquired with a digital camera (DFC500; Leica). In all assays, isotype-(H) Gross appearance of blood vessels in the back skin of adult (7–8 weeks of ag
were identified by injecting barium into the left ventricle. Veins (black arrowheads
deficient mice (apelinflox/Y:Tie2-Cre mice). The scale bar represents 2 mm.
(I) Time-dependent changes of rectal temperature during acute cold stress. The a
then their rectal temperature was monitored every hour. Data represent the aver
(J) Thermoregulatory response of apelinflox/Y:controlmice and apelinflox/Y:Tie2-Cr
(K) Increase in body temperature during heat stress in apelinflox/Y:controlmice and
intervals for 15 min. Data represent the average ± SE; n = 6 mice per group. *p <
(L) Effects of increased body temperature caused by heat stress on severe heat s
(p < 0.01, log-rank test).
See also Figure S5 and Movies S1, S2, S3, S4, and S5.
Devmatched Ig was used as a negative control, and it was confirmed that the
positive signals were not derived from nonspecific background. Images
were processed using Photoshop CS2 software (Adobe Systems) and
analyzed using AngioTool (Zudaire et al., 2011) and ImageJ software (NIH).
All images shown are representative of three to five independent experiments.
Flow Cytometric Analysis
Flow cytometry and isolation of endothelial cells and myeloid cells were
performed as described previously (Kidoya et al., 2012; Naito et al., 2012).
Fluorescence-labeled anti-CD45, -CD31, and -Gr1 mAbs (BD Biosciences)
were used. Stained cells were sorted by FACSAria (BD Biosciences) and
analyzed with FlowJo software (Tree Star). Dead cells were excluded by pro-
pidium iodide staining or analyses using the two-dimensional profile of the for-
ward versus side scatter. Sorted cells were spun down onto glass slides using
a Cytospin 4 instrument (Thermo Scientific) and stained with May-Gru¨nwald-
Giemsa (Muto Pure Chemicals).
Depletion of NLCs and Treatment with Matrix Metalloproteinase
Inhibitor
The RB6-8C5 hybridoma, which produces a rat anti-mouse granulocyte mAb,
was kindly provided by the Cell Resource Center for Biomedical Research of
the Institute of Development, Aging and Cancer at Tohoku University. The anti-
body was purified from hybridoma culture supernatant. For in vivo depletion of
NLCs, pregnant mice were treated intraperitoneally (i.p.) with 0.2 mg of mAb
RB6-8C5 on days 10 and 13 of gestation as described previously (Daley
et al., 2008). Control mice received rat IgG antibody (MBL). Blood vessels of
back skin were analyzed at E14.5 or at 7–8 weeks (adult). Ilomastat (Merck
Millipore), a broad-acting matrix metalloproteinase inhibitor, was i.p. adminis-
tered to pregnant mice on days 12, 13, and 14 of gestation as a suspension in
4%carboxymethylcellulose (CMC) in saline. Control mice received 4%CMC in
saline. Animals were housed in environmentally controlled rooms of the animal
experimentation facility at Osaka University. All experiments were carried out
under the guidelines of the Osaka University committee for animal and recom-
binant DNA experiments and were approved by the Osaka University Institu-
tional Review Board.
Procedure for Mouse Arterial and Venous Microangiography
Mice were anesthetized with pentobarbital sodium (70mg/kg i.p.) and fixed on
an acrylic board in a supine position. After midline incision, the animal was
perfused with heparinized saline through a 22-gauge needle inserted into the
left ventricle for anticoagulation and exsanguination. Then, the hindlimb vascu-
lature was perfused and fixed with 4% paraformaldehyde through the abdom-
inal aorta and vein. Microangiograms were taken using a microfocus X-ray TV
system (MFX-80HK; Hitex) as described previously (Shioyama et al., 2011).
Barium sulfate was retrogradely injected into the femoral veins using an infu-
sion pump until the vessels were filled with barium under fluoroscopic guid-
ance, and the venogram was recorded in bitmap file format. After the contrast
agent in the veins was completely flushed out by intraarterial saline infusion,
barium was progradely injected into the femoral arteries and the arteriogram
was acquired.
Murine Model of Heat Stroke and Hypothermia
The heat stress protocol consisted of exposing mice to a constant ambient
temperature of 45C in a prewarmed incubator for up to 20 min, a slighte) apelinflox/Y:controlmice and apelinflox/Y:Tie2-Cremice. Arterial blood vessels
) are not aligned with arteries (white arrowheads) in endothelial-specific apelin-
pelinflox/Y:controlmice and apelinflox/Y:Tie2-Cremice were exposed to 4C and
age ± SE; n = 3 mice per group. **p < 0.05.
emice subjected to heat stress (45C) visualized using infrared thermography.
apelinflox/Y:Tie2-Cremice. Body surface temperature was monitored at 1-min
0.01.
troke. Severe heat stroke rates were analyzed using the Kaplan-Meier method
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modification of heat stroke protocols in mice (Mota et al., 2008). The body
surface temperature was continuously monitored with an infrared camera
(SC-620; FLIR Systems). Cold tolerance testing was performed by exposing
mice to 5C for 6 hr. Rectal temperature was measured by a thermistor ther-
mometer inserted 2 cm into the rectum. This experiment was repeated at least
nine times.
Statistical Analysis
All data are presented as the means ± SD. For statistical analysis, the Statcel 2
software package (OMS) was used, with ANOVA performed on all data, fol-
lowed by the Tukey-Kramer multiple comparison test. When only two groups
were compared, a two-sided Student’s t test was used.
Additional experimental procedures and reagent information are presented
in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and five movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.02.024.
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